ABSTRACT: The imaging of translocator 18 kDa protein (TSPO) in living human brain with radioligands by positron emission tomography (PET) has become an important means for the study of neuroinflammatory conditions occurring in several neuropsychiatric disorders. The widely used prototypical PET radioligand [
T ranslocator protein 18 kDa (TSPO), formerly known as the peripheral benzodiazepine receptor, 1 is mainly located in outer mitochondrial membranes 2 and is implicated in several functions, including cholesterol transport and stereoidogenesis.
3−5 TSPO expression is up-regulated in several human pathologies with inflammation, including a large number of neuropsychiatric disorders that are known or suspected to have inflammation. 6−12 In neuroinflammatory conditions, TSPO is upregulated both in activated microglia, which reflect an acute response to injury, and in reactive astrocytes, which may accumulate to form a sclerosis (i.e., scar) in brain and remain for life. 13, 14 Thus, PET imaging of TSPO is keenly pursued for its ability to inform on the development of neuroinflammatory conditions in brain and as a potential biomarker in clinical trials with anti-inflammatory drugs. 15−18 The prototypical radioligand, [ 11 C]PK11195 ([ 11 C]1), first as racemate 19, 20 and later as its higher affinity R-enantiomer ([ 11 C](R)-1, Figure 1) , 21, 22 has been used for almost three decades for imaging brain TSPO with PET. However, this radioligand is recognized to have severe limitations, including low sensitivity and poor amenability to quantification. 23 Consequently, considerable efforts have been expended on developing improved radioligands, 15 30 ( Figure 1 ). These radioligands deliver higher TSPO-specific signals but suffer from sensitivity to the single nucleotide polymorphism (SNP) rs6971, which has an allelic frequency of about 30% in humans of European ancestry. 30−34 This SNP, which has no known clinical significance, is codominantly expressed, giving rise to high-affinity binders (HABs that have two high-affinity alleles), low-affinity binders (LABs that have two low affinity alleles), and mixed-affinity binders (MABs that have one low-and one high-affinity allele). The differential affinity of the two alleles can be large for some radioligands, for example, about 50-fold difference in affinity for [ 11 C]2. Depending on the radioligand, LABs have such negligible uptake in brain that they must be excluded from PET study. In addition, HAB and MAB subjects must be genotyped to correct for the effect of genotype on binding. Therefore, an effective TSPO PET radioligand that is devoid of sensitivity to SNP rs6971 would be valuable.
Despite its other limitations, [ 11 C](R)-1 shows exceptionally low sensitivity to SNP rs697 in vitro, 33 although it may have some sensitivity in vivo. 23 We recently reported a series of 4-phenylquinazoline-2-carboxamides as TSPO ligands designed as azaisosteres of 1. 35, 36 A wide number of variously decorated derivatives were synthesized and biologically evaluated, most of which showed high TSPO binding affinity with K i values in the nanomolar/subnanomolar range and with high selectivity toward the target protein. Specifically, three of these ligands (7−9) were considered to present attractive properties for PET radioligand development, including high TSPO affinity and moderate lipophilicity. Here we sought to prepare the three radioligands [
11 C]7−9 ( Figure 1 ) for evaluation of their abilities to image TSPO in monkey brain. In view of our findings of promising TSPO imaging characteristics for [ 11 C]7−9 in monkey, we also used assays with human leukocytes and postmortem human cerebellum to establish that their TSPO binding characteristics were promising for PET imaging of all TSPO genotypes.
■ RESULTS AND DISCUSSION
Our selection of the three 4-phenylquinazoline-2-carboxamides 7−9 for labeling with carbon-11 (β + , t 1/2 = 20.4 min) and evaluation as possible PET radioligands for brain TSPO was initially guided by their high affinities toward TSPO and their computed moderate lipophilicities (clogD values) (Table 1) , which are consistent with achieving adequate brain entry and low nonspecific binding. 37−40 In this regard, 7−9 favorably presented superior affinity and attenuated lipophilicity with respect to 1 ( Table 1 ). Here we found that these three ligands were readily labeled with carbon-11 and showed high TSPO-specific PET signals in rhesus monkey brain. In addition, they were found to show low sensitivity to human TSPO genotype in vitro. Overall, [ 11 C]7, in particular, merits evaluation in human subjects. Radiochemistry. The three radioligands [ 11 C]7−9 were prepared rapidly by treating the respective N-desmethyl analogs 10−12 with [ 11 C]methyl iodide in DMSO with potassium hydroxide as base ( Figure 2 ). Each radioligand was purified by reverse phase HPLC and formulated for intravenous injection. HPLC analysis showed that each formulated radioligand was obtained in high radiochemical purity (>99%), in high specific radioactivity (typically >55 GBq/μmol at end of synthesis) ( Table 2) , and free of significant chemical contaminants as judged by the absence of major unknown absorbance peaks in HPLC analysis. Moreover, each formulated radioligand was radiochemically stable for at least 2 h. Adequate activities (>90 MBq) were readily obtained for PET imaging in monkey. b Mean ± SD for n = 6. c Mean ± SD for leukocytes from 5 subjects, except 4 HAB subjects were used for 9. d Mean ± SD for cerebellum from 4 subjects.
e pK i − logD for human cerebellum HAB. 11 C]7−9 to image brain TSPO was tested with PET in rhesus monkeys, first after radioligand injection at baseline, and second after preblocking TSPO with 1 (5 mg/kg, i.v.) at about 5 min before injection of radioligand. Summed PET images of monkey brain acquired after radioligand injection ( Figure 3 ) displayed a high level of radioactivity, especially in the choroid plexus of the fourth ventricle. High uptake was also seen in striatum and cerebellum, and to a lesser extent in cortical regions. Scans from the corresponding preblock experiments showed a very uniform and low distribution of radioactivity, consistent with the absence of radioligand specific binding to TSPO (data not shown).
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At baseline, [ 11 C]7−9 were estimated to have mean peak whole brain concentrations of 2.0, 2.3, and 1.8 SUV at about 23, 30, and 10 min (all, n = 2), respectively ( Figure 4 Figure 4 ). In TSPO preblock experiments, the kinetics of brain radioactivity was strikingly different. Peak brain radioactivity was much higher and earlier but declined much faster than at baseline to reach a low terminal level (Figure 4) , thereby evidencing the TSPO receptor block in the brain. These data together indicate a high proportion of radioligand specific binding to brain TSPO in the baseline experiments.
Regional brain time-activity curves for each radioligand at baseline and at preblock showed the same shape as the whole brain curves, with the exception of the curve for the choroid plexus of the fourth ventricle for [
11 C]9 ( Figure 5 ). The positional isomers, [ 11 C]7 and [ 11 C]8, have very similar affinity and lipophilicity in vitro (Table 1 ) and gave very similar timeactivity curves under each condition, although brain uptake was somewhat higher for [
11 C]8. For each radioligand at baseline, peak radioactivities were highest in the choroid plexus of the fourth ventricle, followed by putamen, cerebellum, and all other examined regions ( Figure 5 ). In the preblock experiment with each radioligand, regional time-activity curves were virtually superimposed, with the exception of the choroid plexus curve for [ 11 C]9, which remained higher than for other regions. These data evidence equal nonspecific binding for [ In some paired baseline and preblock PET experiments, a metabolite-corrected arterial input function for unchanged radioligand was measured (see below) and used with Logan graphical analysis 41 to derive a measurement of radioligand binding in terms of total distribution volume, V T . 42 Logan-V T values for [ 11 C]7−9 determined for direct comparison in cerebellum of a single monkey were found to be 11.3, 25.6, and 2.4 mL/cm 3 at baseline and 2.0, 3.3, and 1.4 mL/cm 3 at preblock, indicating 82, 87, and 42% TSPO specific binding at baseline, respectively (Table 3) . V S , the difference between baseline and preblock V T , may be taken as a measure of specific binding. 11 C](R)-1. These data do not take into account changes in brain exposure to radioligand due to changes in plasma free fraction between baseline and preblock conditions. After correction for measured free fraction changes in the same monkey (Table 4) , estimates of TSPO specific binding at baseline became 88, 89, and 78%, respectively (Table 3) . Clearly, [ 11 C]7 and [ 11 C]8 have appreciably greater V T /f P values than [ 11 C]9. It was therefore of interest to assess the duration of PET data that needs to be acquired to obtain acceptably stable V T values, which are often considered to be values that are sustained within 90% of the terminal value. Figure 6 shows the variation in cerebellar V T 's for 11 C]7−9 in Monkey Plasma in Vivo. Generally, PET radioligands are appreciably metabolized over the short time-span of a subject scanning session. As seen above, quantitative analysis of radioligand kinetics to derive output measures such as V T may require determination of the amount of unmetabolized radioligand in plasma over the full duration of a scanning session. PET radioligands that produce brain-penetrant radiometabolites are often difficult to quantify. 37, 42 For these reasons, we assessed the emergence of radiometabolites in monkey plasma following intravenous administration of [ 11 C]7−9.
The three radioligands were stable in whole blood and plasma in vitro. Recoveries of radioactivity from monkey plasma into acetonitrile for reverse phase HPLC analysis exceeded 94% (Table 4) . After administration of any of the three radioligands [
11 C]7−9 into monkey, the percentage of radioactivity in plasma represented by unchanged radioligand decreased rapidly, and much more so in preblock experiments than in baseline experiments with the same radioligand ( Figure 7) . Thus, for [ 11 C]7−9, plasma radioactivity became composed equally of radiometabolites and parent radioligand at 35.1, 69.3, and 26.0 min in baseline experiments and at 9.57, 13.9, and 9.40 min in TSPO-preblock experiments in the same monkey, respectively ( Figure 8 , Table 4 ). Moreover, the normalized concentrations of unchanged radioligand in plasma (SUV) were much higher in the preblock experiments than in the coupled baseline experiments (Figure 7 ). Such differences have also been seen for other prominent TSPO radioligands. 24, 27 The lower concentration of unchanged radioligand in plasma in baseline experiments may be ascribed to a depletion through binding to abundant TSPO receptors in peripheral organs that does not occur under TSPO blocking conditions. The greater plasma availability of unchanged radioligand under preblock conditions likely explains the faster appearance of radiometabolites.
For each radioligand, analyses of plasma from monkeys studied at baseline revealed four radiometabolites, all with shorter retention times than the parent radioligand ( Table 4 ). The identities of the radiometabolites are currently unknown, as are their abilities to penetrate the blood-brain barrier.
Radioligand Plasma Free Fraction. Among other factors, the radioligand plasma free fraction (f P ) has a strong influence on the ability of a radioligand to enter the brain. Generally, it is assumed that only free radioligand in plasma can enter the brain. The plasma free fractions of [ 11 C]7−9 in blood sampled from the same monkey during baseline and preblock PET scans are shown in Table 4 . These are moderately low at baseline, ranging from 0.048 for [
11 C]8 to 0.080 for [ 11 C]7, in accord with their moderate ligand lipophilicities (measured logD values), 43 but substantially higher than that of the more lipophilic [
11 C](R)-1 (f P , 0.0207). Plasma free fractions were much higher under preblock conditions than under baseline conditions, especially for [
11 C]9. Ligand Affinity to TSPO in Human Leukocytes and Human Cerebellum in Vitro. As assessed in human leukocytes in vitro, ligands 7−9, respectively, showed high affinities for human HAB TSPO (K i = 1.26, 0.910, and 3.99 nM; cf. K i = 4.06 nM for 1) and low ratios (1.3, 2.4, and 2.5; cf. 0.97 for 1) of LAB to HAB TSPO affinity (Table 1 ). An almost identical pattern of binding affinities and of LAB to HAB binding affinity ratios emerged from assays on postmortem human cerebellum (Table  1) . Although the cerebellum assays were conducted at 37°C and the leukocyte assays at room temperature, K i values were very similar. Again, among 7−9, ligand 7 showed the lowest ratio (1.3) of LAB to HAB TSPO affinity. We estimate that if a similar binding affinity ratio applied in PET studies of human subjects of Caucasian ancestry in vivo, the likely error in estimating binding potential without genotype correction would be about 7% (see Supporting Information).
For ligands 7−9, the ratios of HAB TSPO affinity in cerebellum to measured lipophilicity (logD), as captured in the LipE 44 scores (5.28, 5.46, and 5.26, respectively), are appreciably superior to that of 1 (4.37) ( Table 1 ). The high LipE scores for [ 11 C]7−9 are consistent with the high proportions of TSPOspecific binding found in the monkey brain imaging (Table 3) .
In summary, among a wide series of 4-phenylquinazoline-2-carboxamide azaisosters of 1, recently reported as potent TSPO ligands, 35, 36 three derivatives (7−9) were selected for PET radioligand development in view of their high TSPO affinity and moderate lipophilicity. [ 11 C]7−9 were each easily prepared and readily entered monkey brain to give a high proportion of specific binding to brain TSPO. As a PET radioligand in monkey, unlike [ 11 C]8 and [ 11 C]9, [ 11 C]7 has an array of favorable properties which are as good as or better than those of [ 11 C](R)-1. 23 These include lower lipophilicity, higher free fraction, higher LipE score, higher HAB TSPO affinity, similar very low genotype sensitivity in vitro, higher TSPO-specific signal, higher proportion of TSPO-specific binding, and better amenability to quantification without highly problematic radiometabolites.
In conclusion, [ 11 C]7 warrants further evaluation in human subjects and in particular to determine whether the very low sensitivity seen in vitro is reflected in vivo. We have previously found that [
11 C]1 has significant in vivo sensitivity in peripheral organs between LABs and a combined group of HABs and MABs. 23 Thus, a discrepancy between in vitro and in vivo sensitivity may also exist for [ 11 γ-Radioactivity from 11 C was measured using a calibrated dose calibrator (Atomlab 300; Biodex Medical Systems, Inc.; Shirley, NY). Radioactivity measurements were corrected for physical decay. All radiochemistry was performed in lead-shielded hot-cells for personnel protection from radiation.
Ligands 7−9 and their N-desmethyl analogs 10−12 were prepared as described previously. 35 Assay of Ligands for Affinity to Human Leukocyte TSPO Genotypes. Ligands 7−9 were subjected to receptor binding assays at room temperature in human leukocyte homogenates 12 with [ 3 H]1 as radioligand to characterize ligand binding sensitivities to TSPO polymorphism. Blood samples were obtained under National Institutes of Health IRB approval and after obtaining consent from study participants. K i values were measured in triplicate in five high-affinity (HABs) and five low-affinity (LABs) binding tissues whose affinity status had been predetermined. As a control in each assay, a selfdisplacement assay was used to calculate the K D of 1. A mean K D value of 4.7 nM 23 was then used as the dissociation constant for 1 to calculate ligand K i . 45 Nonlinear regression curve-fitting software (GraphPad Prism 5; GraphPad Software; San Diego, CA) was used to fit data to a one-site model to provide ligand K i values.
Assay of Ligands for Affinity to Human Cerebellum TSPO Genotypes. Ligands 7−9 were also subjected to receptor binding assays in postmortem healthy human cerebellum homogenates with [ 3 H]1 as radioligand to characterize ligand binding sensitivities to the TSPO polymorphism. K i values were measured in triplicate in four highaffinity (HABs) and four low-affinity (LABs) cerebellum tissues whose affinity status had been predetermined by genotype. Binding assays were performed in a similar manner to those in leukocytes, except assays were incubated for 1 h at 37°C. As a control in each assay, a self-displacement assay was used to calculate the K D of 1. A mean K D value of 4.35 nM was then used as the dissociation constant for 1 to calculate ligand K i . 45 Nonlinear regression curve-fitting software (GraphPad Prism 5; GraphPad Software; San Diego, CA) was used to fit data to a one-site model to provide ligand K i values. C reaction 46 by irradiation of nitrogen gas (initial pressure 160 psi; 75 mL volume) containing 1% oxygen with a proton beam (16.5 MeV, 45 μA) for 40 min.
Radiochemistry. All radiochemistry was performed in an upgraded 47 PLC-controlled apparatus based on an original semirobotic Synthia instrument 48 (Synthia AB; Uppsala, Sweden), housed within a lead-shielded hot-cell for personnel protection.
Production of NCA [ [ 11 C]Iodomethane in carrier helium (15 mL/min) was bubbled into a 1 mL V-vial containing the secondary amide precursor 10 (0.6 mg) and KOH (1.2 mg) in DMSO (0.4 mL). When the radioactivity in the vial had maximized, the reaction mixture was sealed and heated at 80°C for 5 min and then diluted with water. The reaction mixture was then injected onto an XTerra RP18 column (10 μm; 7.8 mm × 300 mm; Waters Corp.; Columbia, MD) eluted at 8 mL/min with MeCN: 1 mM aq. NH 4 OH (37:63 v/v). [ Measurement of LogD. LogD (at pH 7.4) was measured on each radioligand by partition between n-octanol and sodium phosphate buffer (pH 7.4) at room temperature, as described in detail previously. 43 
PET Experiments with [
11 C]7−9 in Monkeys. PET scans were performed in six male rhesus (Macaca mulatta) monkeys (8.7−11.1 kg). All animals were handled in accordance with the Guide for the Care and Use of Laboratory Animals 50 and the National Institute of Health Animal Care and Use Committee. For each scanning session, the subject monkey was immobilized with ketamine (10 mg/kg; i.m.) and maintained under anesthesia with 1−3% isoflurane and 98.4% oxygen. Head position was fixed with a stereotactic frame. An intravenous perfusion line, filled with saline (0.9% w/v), was used for bolus injection of radioligand of 99.9% radiochemical purity. Dynamic PET images of brain radioactivity were obtained for up to 120 min on a microPET Focus F220 scanner (Siemens Medical Solutions Inc.; Knoxville, TN), with frame durations ranging from 30 s to 5 min. All PET images were corrected for attenuation and scatter.
Baseline scans were performed with each radioligand in two (for [
11 C]7 and [ 11 C]8) or three (for [ 11 C]9) monkeys, one of which, weighing between 10.7 and 11.1 kg, was used in separate sessions for all three radioligands. Radioligands (165−217 MBq) were administered with low carrier mass doses of 1.27−5.4 nmol/kg. Each baseline scan was paired with a TSPO preblock scan at least 3 h later in the same monkey in which the TSPO ligand 1 (5 mg/kg, i.v.) was administered at 15 min before a second injection of the same radioligand (175−253 MBq; carrier dose 3.3−6.7 nmol/kg).
Image Analysis. PET Images were reconstructed using Fourier rebinning plus two-dimensional filtered back-projection. An averaged PET image was created by averaging all frames of PET images. The averaged PET image was normalized to a standardized monkey MRI template using SPM8 (Wellcome Trust Centre; London, UK), and the transformation parameters were applied to the normalization of the individual PET frames. A predefined atlas of volumes of interest was then applied to the normalized dynamic scan to obtain decay-corrected time-activity curves for several brain regions, namely amygdala, anterior cingulate, basofrontal cortex, caudate, cerebellum, hippocampus, hypothalamus, insula, lateral temporal cortex, medial temporal cortex, midbrain, parietal cortex, occipital cortex, pons, posterior cingulate, prefrontal cortex, putamen, temporal cortex, and thalamus. The choroid plexus of the fourth ventricle was not defined in the atlas and was manually defined for each monkey. Regional radioactivity levels were normalized for injected dose and monkey weight and expressed as a standardized uptake value (SUV): PET Data Analysis. Total distribution volumes (V T ) 42 were estimated for different regions by Logan graphical analysis 41 using the PET brain time-activity curves and the measured metabolite-corrected arterial input function. The temporal stabilities of V T in cerebellum in the baseline and preblock experiments were assessed by estimating V T from progressively time-truncated data sets. The PET data analysis was performed using PMOD (PMOD Technologies Ltd.; Zurich, Switzerland).
Stability of [ 11 C]7−9 in Buffer and in Monkey Whole Blood and Plasma in Vitro. The stability of each formulated radioligand to incubation in sodium phosphate buffer (0.15 M, pH 7.4) for 2 h at room temperature was assessed by reverse phase radio-HPLC analysis. Each formulated radioligand (110−150 kBq; ∼5 μL) was also incubated for 45 min at room temperature in either whole monkey blood or plasma (0.5 mL). A sample (0.3 mL) was removed from whole blood and added to water (0.4 mL) to lyse blood cells. Then the plasma (0.35 mL) or lysed cells were added to acetonitrile (0.8 mL), and centrifuged. Then the supernatant liquid was analyzed by reverse phase radio-HPLC on a Novapak C18 column (4 μm; 8 × 100 mm; Waters Corp.) eluted at 2.5 mL/min with MeOH/H 2 O/Et 2 O (75:25:0.1 by vol.).
Plasma Protein Binding of [ 11 C]7−9. 51 Each radioligand was added to pooled human plasma, placed at the top of an "Amicon" Centrifree filter unit (200 μL/unit) and filtered by ultracentrifugation at 5000 × g. Then all components of filter units were counted for radioactivity to allow calculation of radioligand plasma protein binding ( f P ).
Emergence of Radiometabolites of [ 11 C]7−9 in Monkey Plasma In Vivo. During a baseline and a following preblock PET scan with each radioligand, blood samples were drawn periodically from the monkey femoral artery and collected in heparin-treated Vacutainer tubes. The samples were centrifuged and the plasma separated. A sample of plasma (0.45 mL) was mixed with acetonitrile (0.72 mL) and centrifuged. The supernatant liquid was analyzed with radio-HPLC on a Novapak C18 column (4 μm; 8 × 100 mm; Waters Corp.) eluted with MeOH/H 2 O/Et 2 O (75:25:0.1 by vol.). Time-courses for percentages of radioactivity in plasma represented by unchanged radioligand and its radiometabolites were then calculated. ■ ABBREVIATIONS HAB, high-affinity binder; LAB, low-affinity binder; MAB, mixed-affinity binder; NCA, no-carrier-added; PET, positron emission tomography; TSPO, translocator protein (18 kDa) 
